Identification of dermatophytes using the traditional method is sometimes problematic because of atypical microscopic or macroscopic morphology. The aim of this study was to evaluate the feasibility of using sequencing of the ribosomal internal transcribed spacer (ITS)1 and ITS2 regions for identification of 17 dermatophyte species. The ITS regions of 188 strains (62 reference strains and 126 clinical isolates) were amplified by PCR and sequenced. Species identification was made by sequence comparison with an in-house database comprising ITS sequences of type or neotype strains or by BLAST searches for homologous sequences in public databases. Strains producing discrepant results between conventional methods and ITS sequence analysis were analysed further by sequencing the D1-D2 domain of the large-subunit rRNA gene for species clarification. The identification rates by ITS1 and ITS2 sequencing were higher than 97 %. Based on reference sequences of type or neotype strains, it was noted that most strains of Trichophyton mentagrophytes were misidentifications of Trichophyton interdigitale. In addition, barcode sequences were present in species of the Microsporum canis complex and Trichophyton rubrum complex. These barcode sequences are useful for species delineation when the results of ITS sequencing are ambiguous. In conclusion, ITS sequencing provides a very accurate and useful method for the identification of dermatophytes.
INTRODUCTION
Dermatophytes are keratinophilic fungi capable of causing dermatophytosis and are among the most adaptable parasitic associates of humans. Dermatophytes are classified in three anamorphic genera: Epidermophyton, Microsporum and Trichophyton (Weitzman & Summerbell, 1995) . Classical parameters for the identification of dermatophytes include clinical features, culture characteristics, microscopic morphology and physiological test results. However, identification of dermatophytes sometimes remains difficult or uncertain due to their overlapping phenotypic characteristics, variability and pleomorphism (Gräser et al., 1999b (Gräser et al., , 2000b Weitzman & Summerbell, 1995) .
Molecular approaches have been developed to provide more rapid and accurate alternatives for dermatophyte identification. These methods include gene-specific PCR (Kamiya et al., 2004; Kanbe et al., 2003a; Liu et al., 2001; Yoshida et al., 2006) , RFLP analysis (Kamiya et al., 2004; Kanbe et al., 2003b; Leon-Mateos et al., 2006; Mochizuki et al., 2003) , sequencing of the large submit rRNA gene (Ninet et al., 2003) or the chitin synthase-encoding gene (Kano et al., 2000) , PCR fingerprinting (Gräser et al., 2000a, b) and DNA hybridization (El Fari et al., 1999) .
Sequencing of the internal transcribed spacer (ITS) regions (Gräser et al., 1999a (Gräser et al., , b, 2000a Kaszubiak et al., 2004; Makimura et al., 1998 Makimura et al., , 1999 Makimura et al., , 2001 Mochizuki et al., 1999; Sharma et al., 2006) has proved to be a useful method for phylogenetic analysis and identification of dermatophytes. However, several strongly ecologically and phenotypically separated Trichophyton species may have only a small number of nucleotide differences in the ITS regions (Summerbell et al., 1999) . The aim of this study was to evaluate the feasibility of sequencing the ITS1 and ITS2 regions for identification of 17 dermatophyte species, using a collection of reference strains and clinical isolates.
METHODS
Fungal strains. A total of 62 reference strains (17 species) and 126 clinical isolates of dermatophytes were analysed in this study (Table 1) . Reference strains were obtained from the American Type Culture Collection (ATCC), USA, the Bioresources Collection and Research Center (BCRC), Taiwan, the Belgian Co-ordinated Collections of Micro-organisms (BCCM/IHEM), Belgium, and the Centraalbureau voor Schimmelcultures (CBS), The Netherlands. Clinical isolates were obtained from the Laboratory of Parasitology and Mycology, University Hospital, Angers, the Mycology Reference Centre, University of Leeds, and the National Cheng Kung University Hospital, Tainan. Clinical isolates, which were recovered from a variety of specimens including skin, nail and hair, were identified by microscopic and macroscopic characteristics (De Hoog et al., 2000; Larone, 2002) . The species names used in this study were in agreement with current taxonomy proposed by Gräser et al. (2006) , except Trichophyton terrestre and Trichophyton soudanense that were not considered as distinct species by them. The origin of the clinical isolates of the Trichophyton mentagrophytes complex is included in Table 1 . Fungal strains were grown on Sabouraud dextrose agar (Difco) and incubated at 30 uC until there was evidence of hyphal growth.
Amplification and sequencing of the ITS regions. Fungal DNA extraction, ITS amplification using fungal universal primers ITS1 and ITS4, and sequencing of the PCR products were as described previously (Hsiao et al., 2005) . The sequences of the 18S, 5.8S and 28S rRNA gene regions were excluded to give the exact ITS1 and ITS2 sequences (Hsiao et al., 2005) .
Construction of an ITS sequence database. An in-house database comprising ITS sequences of type, neotype or syntype strains was constructed from the following strains (GenBank accession numbers for ITS1 and ITS2 sequences are given in parentheses): Microsporum nanum CBS 314.54 (DQ860729 and DQ860794), Microsporum persicolor CBS 871.70 (DQ860737 and DQ860802), Trichophyton erinacei CBS 511.73 (EF078476 and EF078481), Trichophyton interdigitale BCRC 317825CBS 642.735ATCC 28146 (DQ860739 and DQ860804), T. mentagrophytes CBS 318.56 (Z97995), Trichophyton tonsurans ATCC 56186 (DQ860762 and DQ860827), and T. soudanense ATCC 64654 (DQ860755 and DQ860820) and Trichophyton violaceum CBS 374.92 (AJ270810). The ITS sequences with a prefix of 'DQ' and 'EF' were sequenced in this study and submitted to GenBank (National Center for Biotechnology Information, USA), while other reference sequences were obtained from GenBank. The database was constructed using Vector NTI Advance 9 software (Invitrogen).
Identification of dermatophytes by ITS sequencing. Species identification was made by sequence comparison with reference sequences in the constructed ITS database. Multiple ITS sequence alignment, and calculation of the similarity score between the query sequence and reference sequence, were performed by using the algorithms of 'Align' and 'Similarity', respectively, of the Vector NTI Advance 9 software. Species identification was determined from the best-scoring reference sequence of the similarity output that had an identity of ¢97 % with the query sequence. For species that do not have type or neotype strains, species identification was made by searching databases using the BLASTN algorithm of the BLAST sequence analysis tool (http://www.ncbi.nlm.nih.gov/BLAST/) from the National Center for Biotechnology Information. Strains producing discrepant results between morphological identification and ITS sequence analysis were further analysed by sequencing the D1-D2 region of the largesubunit rRNA gene (Hall et al., 2004) . Primers NL1 and NL4 (Kurtzman & Robnett, 1997) were used for amplification of the D1-D2 region, following the conditions described previously (Hsiao et al., 2005) . Species identification by D1-D2 sequencing was determined from the best-scoring reference sequence of the BLAST output that had an identity of ¢99 % with the query sequence.
RESULTS AND DISCUSSION

Amplification of the ITS regions
The ITS regions were successfully amplified from all the dermatophytes by the fungus-specific universal primers ITS1 and ITS4. The ITS fragments of the 17 species listed in Table 1 were less than 300 bp. The length of ITS1 ranged from 169 bp (Microsporum gallinae) to 293 bp (Epidermophyton floccosum), while the length of ITS2 ranged from 174 bp (T. terrestre) to 243 bp (E. floccosum) (data not shown). Among the 17 dermatophyte species, E. floccosum could be easily recognized since it possessed the longest ITS1 (293 bp) and ITS2 (243 bp) sequences.
Barcode sequences in the ITS regions
Multiple sequence alignment demonstrated that some dermatophyte species possessed barcode sequences (or species-specific sequences) in the ITS1 and/or ITS2 regions. For T. soudanense, two ITS1 genotypes were found in different strains, with one genotype having a deletion of 36 bases starting at position 122, e.g. ATCC 64654 (Fig. 1) . Barcode sequences were found in Trichophyton rubrum, T. soudanense and T. violaceum in the ITS1 region at positions 167, 209 and 214 ( Fig. 1 ). In the ITS2 region, barcode sequences also appeared in T. rubrum at positions 106 and 124 (Fig. 2) . In addition, a variable number (ranging from 6 to 15) of AT repeats starting at position 164 was seen for strains of T. soudanense and T. violaceum (Fig. 2) . In contrast, the number of AT repeats was relatively constant (six or seven) in strains of T. rubrum. These barcode sequences may be useful for differentiating species of T. rubrum, T. soudanense and T. violaceum when the results of conventional identification are ambiguous. Clinical isolates of the three Trichophyton species also displayed the same barcode sequences shown in Figs 1 and 2 (data not shown). Editing of the PCR product sequences to remove non-ITS sequences helps in the recognition of these barcode sequences at the indicated positions. The Microsporum canis complex consists of a cluster of phylogenetically closely related species (Microsporum audouinii, M. canis and Microsporum ferrugineum) (Kaszubiak et al., 2004) . High sequence similarities were observed in the ITS1 (99-100 % similarities) and ITS2 regions (94-100 % similarities) among members of the complex (our unpublished data). Interestingly, barcode sequences were found in the ITS2 regions at nucleotide positions 45 to 47 (a 3 nt deletion in M. audouinii), 52 and 170 (Fig. 3) . Clinical isolates of the three Microsporum species also displayed the same barcode sequences (data not shown). 
Identification of the T. mentagrophytes complex by ITS sequencing
The two reference strains of T. erinacei (IHEM 15931 and IHEM 20118) were correctly identified based on the constructed in-house database (Table 1 ). All T. interdigitale strains, except LMA 95.1682 and LMA 59800858, were correctly identified by ITS sequence analysis. T. interdigitale LMA 95.1682 was not identified, since there was no matching sequence (identity ,97 %) in the current inhouse ITS database and public databases (Table 2) . At both ITS regions, T. interdigitale LMA 59800858 (isolated from a woman with tinea pedis) displayed higher similarities with the type strain T. erinacei CBS 511.73 than with the neotype strain T. interdigitale BCRC 31782 (Table 2 ), but the strain had a similarity of 100 % with the sequence of the T. interdigitale type strain BCRC 31782 (5CBS 642.735ATCC 28146) at the D1-D2 region. Thus, the identity of T. interdigitale LMA 59800858 was not resolved.
Surprisingly, it was found that the three T. mentagrophytes reference strains (BCRC 32066, CBS 160.66 and CBS Fig. 2 . Partial sequence alignment and barcode sequences in the ITS2 regions in species of the T. rubrum complex. In T. rubrum, the bases at positions 106 and 124 were A and T, respectively, while they were G and A, respectively, in T. soudanense and T. violaceum. T. raubitschekii ATCC 42631 had an identical sequence to T. rubrum, while T. gourvilii var. intermedium CBS 170.65 had an identical sequence to T. soudanense and T. violaceum, except for the number of AT repeats. The number of AT repeats at the 39 end was either 6 or 7 in T. rubrum, while it ranged from 6-15 in T. soudanense and T. violaceum. T. gourvilii var. intermedium had an extraordinarily high number (31) of AT repeats. All the sequences were determined in this study and have been submitted to GenBank. The species and the corresponding GenBank accession number are indicated on the left of each sequence. Only one to two strains of each species are shown. T. soudanense (100) LMA 50600067
T. soudanense T. violaceum (100) T. violaceum (100) T. violaceum (99.7) T. violaceum T. soudanense (98.9)
T. soudanense (100) NCKU 3156
T. tonsurans T. rubrum (100) T. rubrum (100) T. rubrum (100) T. rubrum T. tonsurans (79)
T. tonsurans (80) LMA 40204990
T. verrucosum T. rubrum (100) T. rubrum (100) T. rubrum (100) T. rubrum T. verrucosum (87.4) T. verrucosum (93.5) LMA 50200673
T. verrucosum T. rubrum (100) T. rubrum (100) T. rubrum (100) T. rubrum T. verrucosum (87.4) T. verrucosum (93.5) NI, Not identified *Results of BLAST search of GenBank. 361.62) and all clinical isolates of the species, except the strain NCKU 3534, were identified as T. interdigitale by ITS sequence analyses. Both ITS1 and ITS2 sequences of these T. mentagrophytes strains, except NCKU 3534, had higher similarities with the type strain T. interdigitale BCRC 31782 than with the neotype strain T. mentagrophytes CBS 318.56 (Table 2) . T. mentagrophytes NCKU 3534 (isolated from a woman with tinea faciei) displayed high similarities with the type strain T. erinacei CBS 511.73 at both ITS and D1-D2 regions (Table 2 ). These results indicate that most human isolates of the T. mentagrophytes complex are T. interdigitale, with a few isolates, e.g. T. mentagrophytes NCKU 3534, being T. erinacei.
Identification of the other dermatophyte species by ITS sequencing
In addition to strains of the T. mentagrophytes complex, 11 isolates of other species produced discrepant identifications between the conventional identification methods and ITS sequencing (Table 2 ). M. canis LMA 922 was not identified by ITS sequence analysis, since there was no matching sequence (identity ,97 %) in the public databases. Sequencing of the D1-D2 domain also failed to identify the isolate to species level. The remaining 10 discordant clinical isolates were correctly identified to species level by ITS1 sequence analysis, as further confirmed by sequencing of the D1-D2 regions of these isolates (Table 2 ). Since the identity of two strains (LMA 922 and LMA 95.1682) was not resolved, they were excluded from the performance evaluation of ITS sequencing for species identification. In summary, all reference strains and clinical isolates were correctly identified by ITS1 sequencing, producing an identification rate of 100 % (186/186). Conversely, sequence analysis of the ITS2 region revealed that five discrepant clinical isolates (T. soudanense LMA 831, LMA 835, LMA 979, LMA 50500944 and LMA 50600067) had identical similarities with reference sequences of T. soudanense and T. violaceum (Table 2 ). This was due to the fact that T. soudanense and T. violaceum have identical ITS2 sequences, although strains of these two species may differ in the number of AT repeats at the end of the ITS2 region (Fig. 2) . Thus, five clinical isolates were not identified by ITS2 sequencing, and the identification rate by sequencing of this region was 97.3 % (181/186).
Among the clinical isolates misidentified by conventional methods, five were T. violaceum (misidentified as T. soudanense) and three were T. rubrum (misidentified as T. tonsurans or Trichophyton verrucosum) ( Table 2 ). These results reflect that phenotypic differentiation of these Trichophyton species may be ambiguous sometimes. They suggest that the morphological features reported for T. soudanense, e.g. the presence of reflexive hyphae (Larone, 2002) , are not an exclusive characteristic for this species. T. soudanense was reduced to synonymy with T. violaceum, based on amplified fragment length polymorphism analysis, PCR fingerprinting and the ITS sequence (Gräser et al., 2000b) . T. soudanense is also recognized as a synonym of T. violaceum (De Hoog et al., 2000) . But the unification of T. soudanense and T. violaceum may conceal possible evolutionary diversification, since both species have their unique geographical distributions (Larone 2002; Padhye & Summerbell, 2005) . In contrast, analysis of microsatellite DNA markers demonstrated that T. soudanense is somewhat closer to T. rubrum than to T. violaceum (Ohst et al., 2004) . In this study, the three Trichophyton species were clearly differentiated by their barcode sequences in the ITS1 region (Fig. 1) , a result that supports the idea that T. rubrum, T. soudanense and T. violaceum are distinct species. Very recently, Summerbell et al. (2007) reported the presence of ITS barcode sequences (single nucleotide polymorphism and repeat adenine bases) in T. tonsurans and Trichophyton equinum. They proposed that these discrete barcode sequences for each species will aid future identifications involving molecular methods.
Since Trichophyton raubitschekii and Trichophyton gourvilii are closely related to T. rubrum (Gräser et al., 2000b (Gräser et al., , 2007 , the ITS regions of T. raubitschekii ATCC 42631 and T. gourvilii var. intermedium CBS 170.65 were also sequenced and aligned in this study (Fig. 1) . T. raubitschekii ATCC 42631 had identical sequences to T. rubrum in both ITS regions and presented, as did T. rubrum, a small number (seven) of AT repeats at the 39 end of the ITS2 region (Fig. 2) . Therefore, it is most likely that T. raubitschekii is a variant of T. rubrum as suggested by Gräser et al. (2000b) . In the ITS1 region, T. gourvilii var. intermedium CBS 170.65 had a deletion of 36 bases starting at position 122 as did one genotype of T. soudanense (Fig. 1) . Analysis of the ITS2 region revealed that T. gourvilii var. intermedium CBS 170.65 had an identical sequence to reference sequences of T. soudanense and T. violaceum, but the strain had an extraordinary number (31) of AT repeats at the end of this region (Fig. 2) . Based on these observations, it is proposed that T. gourvilii represents a distinct species from T. rubrum and it may not be conspecific as T. violaceum. T. gourvilii was considered to be a synonym of T. violaceum (Otçenásek & Dvorák, 1975) and this was further supported by Gräser et al. (2000b) .
The clinical isolate Microsporum gypseum LMA 90.603 was a misidentification of Microsporum fulvum, as revealed by its ITS1 and ITS2 sequences (Table 2) . It is not easy to differentiate M. gypseum from M. fulvum on the basis of morphological criteria (De Hoog et al., 2000) . To the best of our knowledge, M. fulvum is not described as a human pathogen (De Hoog et al., 2000) , and the misidentification of M. fulvum as M. gypseum raises an important question about this. The isolate LMA 90.603 was recovered from a patient with an inflammatory lesion of the left thigh. So, it would be interesting to verify the morphologically based identification of M. gypseum isolates of human origin in order to determine the prevalence of M. fulvum in dermatophytosis.
The present method can be completed within approximately 24 h from isolated colonies. The results described herein also reveal the importance of using type (or neotype) strains as a basis for sequence comparison, especially in identifying members of the T. mentagrophytes complex (Table 2) . It is to our surprise that three reference stains of T. mentagrophytes (BCRC 32066, CBS 160.66 and CBS 361.62) had higher sequence similarities with T. interdigitale BCRC 31782 (type strain) than with T. mentagrophytes CBS 318.56 (neotype strain) in both ITS and D1-D2 regions. The species status of these three reference strains should be re-evaluated.
It was noted that the ITS1 region is a better target for differentiating T. rubrum, T. soudanense and T. violaceum, since the latter two species had identical sequence in the ITS2 region (Fig. 2) . In contrast, the ITS2 region constitutes a better target for differentiating members of the M. canis complex (M. audouinii, M. canis and M. ferrugineum), since a few single nucleotide polymorphisms (barcode sequences) were found in the ITS2 region (Fig. 3) . The reported method is straight forward, but the main issue that would detract from the application of this approach in routine clinical laboratories is the added cost. However, it is likely that many laboratories would find a use for this approach to identify a minority of atypical isolates or those leading to ambiguous results with conventional identification.
